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U.S. SULFUR NEEDS

U. S, sulfur consumption is growing at an increasingly rapid rate. Annual
consumption increased from 5, 5 million long tons in the middle 1950's to 7. 8
million tons in 1965, ' an annual increase of 3, 6%, Consumption in 1967 was 9.3
million long tons, 8.3 million tons being provided by U. S, production, the rest
from stocks and Canadian sour gas and refinery recovery.? !> The annual aver-
age increase from 1965 to 1967 was 9% /yr. ) '

Projections for 1970 and 1975, respectively, indicate U.S. consumption of
11 and 17 million long tons /yr, 13, 15 Market projections also allow for 2.7 and
5. 0 million tons /);r for export in addition to the above., This is a big increase
over the 1.3 million tons exported in 1967, If the exports are included, U. S,
sulfur needs would increase 100% over 1967 figures by 1975, 1

A large part of this increase may be met by desulfurization of fuels, It is
estimated that about 12 million tons of sulfur is emitted yearly to the atmosphere
in the U.S. by fuel combustion processes. ® ¥ This exceeds the current U. S,
sulfur consumption, Not all of this is readily recoverable, however,

) The public concern over air pollution, resulting in the need for desulfuriza-
tion of fuels and Jor flue gases; the availability of desulfurization processes; and
the expanding need for sulfur will combine to make desulfurization a reality,
Currently, about 70% of U. S. sulfur supplies are met by Frasch sulfur; over 80%
of U.S. production is by this method. Future expansion will require other -
sources. )

SULFUR IN U.S. COALS

In less than a generation we will have to meet part of the demand for liquid
and gaseous fuels by conversion of coal and oil shale, This paper is limited to
the recovery of sulfur during the conversion of coal to pipeline~-quality gas by
hydrogenation, In the manufacture of pipeline gas from coal most of the sulfur
is also gasified. Regardless of whether the coal is burned conventionally or
converted to gas, its sulfur content is of great importance,

The rank, sulfur content, and sulfur type of the coal reserves of the United
States have been published by the U. S. Bureau of Mines,> Sulfur levels range
.from 0.2% or less to 7% by weight on a dry basis. '® Of the total estimated U, S,
coal reserves of all ranks, as of January 1, 1965, 65% is low-sulfur coal (1,0%

or less). This 65% includes 91% of the lignites, over 99 % of the subbituminous, .

and 97% of the anthracite coals, Fifteen percent of the coals are classified as
medium-sulfur coals (1. 1-3.0%), and 20% as high-sulfur coals (over 3,0%).’
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The latter two classes include 70 % of the bituminous coals, Two-thirds of the
high-sulfur coal is east of the Mississippi and comprises 43 % of the total re-
serves in that section of the country, 10

Sulfur occurs in coal in three forms: 1) combined with the organic coal
substance, 2) combined with iron (pyritic), and 3) combined as sulfate.® Gen-
erally, organic sulfur predominates in low-sulfur coals. As total sulfur in-
creases, both organic and pyritic forms increase, Sulfate sulfur in unweathered
coals is usually less than 0.05%.

MANUFACTURE OF PIPELINE GAS

Conversion of coal to pipeline-quality gas by hydrogasification is shown in
Figure 1, which is a simple block flow diagram giving basic steps in the process
used. Ground, raw bituminous coal is pretreated by a mild air oxidation to pre-"
vent agglomeration during hydrogasification. Hydrogen is supplied by synthe-
sis gas generated by the electrothermal gasification of hydrogasifier char,
Hydrogasifier effluent is scrubbed to remove.CO;, and H,S and then sent to
methanation to produce 950 Btu/CF heating value gas. In reviewing the re=
covery of sulfur for this process we have considered two cases: a high-
sulfur coal containing 4.4 % sulfur, and a low-sulfur coal containing 1. 5% sulfur.
These cases are based on pipeline. gas plant designs for two different Pittsburgh
seam coals. For the pipeline gas production capacity of 250 billion Btu/day,
used throughout this study, sulfur inputs are 739 and 199 tons /day for high- and
low-sulfur coals, Table 1 summarizes the distribution of sulfur in the gasifica-

. tion process,

Table 1. DISTRIBUTION OF SULFUR IN HYDROGASIFICATION PROCESS

Low-~Sulfur Coal High-Sulfur Coal

Tons Sulfur/ : Tons Sulfur/

Stream-Day % Stream-Day %
Raw Coal 199 100 739 . 100
As SO, in Pretreatment Off-Gas 30 15,1 166 22,5
In Pretreatment Fines 5 2.5 15 2.0
In H,S From Hydrogasifier 158 79. 4 487 65.9
Residue Char 6 - 3.0 71 9.6

During pretreatment about 15-25% of the sulfur is oxidized to SO,. Most of the
remaining sulfur is converted to H,S during the hydrogasification of the pretreat-
ment char. This includes virtually all organic and pyritic sulfur., Sulfur in the
hydrogasifier char is essentially sulfide. ‘

In this study we have considered sulfur recovery in two phases:
1) from H,S only by the Claus Process, with SO, vented or scrubbed out of the
gas without elemental sulfur recovery, and 2) from both H,S and SO,. Figures 2
and 3 show the distribution of sulfur for the first phase only. In high-sulfur coal
there is a large amount of pyritic sulfur. The char from hydrogasification con-
tains 1. 7% sulfur, largely as sulfide sulfur, We have assumed one-half of this
sulfur is gasified and returns to the hydrogasifier as H;S in synthesis gas.




This is a conservative assumption; pilot plant data indicate even more sulfur
will be gasified. For the low-sulfur case, the hydrogasifier char contains only
0. 1% sulfur and is assumed to pass through the electrogasifier unchanged,

SULFUR RECOVERY FROM H,S

Hydrogen sulfide feed to the Claus plant is contained in acid gas stripped
from the scrubbing solutions in the purification section, Because of the large
amount of CO, present, the H,S concentration in this stream is low, 6 and 2%
for the high- and low-sulfur coals, By modifying the scrubbing system to have .
two separate scrubbing liquid streams, it is possible to selectively recover -
90 % of the H,S, while absorbing only 25% of the CO, in a short, ''quick contact"
section of the absorber. By this method, the H,S concentrations in the sulfur re-
covery plant feed can be raised to 18,7 and 6%, respectively. Although the total
amount of sulfur available is reduced,at higher H,S concentrations costs per ton of
recovered sulfur are greatly lowered. Also,the percentage sulfur recovered
from the Claus plant feed is raised so that in the low-sulfur case overall re-
covery is somewhat higher.

Table 2 summarizes the economics for recovery of sulfur from the H,S.
Figure 4 gives a flow sheet representing the process scheme, Processing
methods and costs for sulfur plants are based on published information and pri=
vate communication with Pan American Petroleum Corp, ¥ % !

Figure 4 shows the direct oxidation and split-flow processes used to pro-
duce sulfur from H;S depending on the concentration of H,S in the feed stream,
Direct oxidation was used in all except the 18,73% /H,S concentration stream case,
where the split-flow process was used. '

. Generally, a two-reactor system is used for optimum sulfur recovery, The
gases from first reactor are cooled for sulfur condensation, preheated,and sent
to second reactor where additional sulfur is recovered,

After sulfur recovery from the second reactor, the gases go to an incinera-
tor and are heated to 1200°F, where residual H;S is converted to SO,. If SO, from
pPretreatment off-gas is being recovered, the incinerator gases are cooled and
sent to SO, extraction; otherwise, they are vented, Electrogasifier char is used
as fuel for preheating the gases going to the reactor and for the incinerator,

Direct Oxidation Process

In this process air and the H,S stream are preheated and passed over the
catalyst beds for conversion to sulfur, ’

Split-Flow Process

"In split flow, one-third of the H,S burned in a furnace boiler to produce
. 80,,is combined with bypassed H,S stream and is then passed over a catalyst bed
to produce sulfur, The heat generated in burning H;S is used to produce steam
as a by-product. '
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Three out of the four cases in Table 2 have lean acid-gas feed, 2 to 6%
H,S, and make use of the direct oxidation process. In the fourth case, 18.7%
H,S, the split-flow process is used, Raising the percentage of H,S greatly re-
duces sulfur recovery plant investment for a given capacity, particularly in the
range from 2 to 20 %,

Economics of Sulfur Recovery From H,S

Sulfur recovery ranges from 98 to 370 long tons /day for 1,5 and 4.4 %
sulfur in the coal, Recovery costs, with capital charges based on utility-type
financing, vary from $24 to $51/ton as a break-even cost (Table 2). Capital
charges are treated the same as for the pipeline-gas-froms=-coal plant except
there is no return on investment or income tax, The cost is enough to cover
operating and capital charges so the price of pipeline gas is the same as if there, '
were no sulfur: 53¢ /million Btu. Financing is 65% debt and 35% equity, depre-
ciation is 5% /yr, and the interest rate is 5% on outstanding debt, Costs are
summarized in Table 2,

The effect of the sulfur by-product on the price of pipeline gases is shown
graphically in Figures 5 and 6, The base price of pipeline gas is 53¢ /million
Btu with no elemental sulfur recovery. Because of the higher unit cost of re-
covery and the small amount of sulfur obtained from low-sulfur coal, the effect
of sulfur recovery on gas price is slight: 14 or less per million Btu, With high-
sulfur coal the effect is much more significant, ranging from just under 24 to
over 4. 5¢ /million Btu as sulfur market price increases from $20 to $40/ton,
Raising the percentage H,S in the feed has a significant effect on the cost per ton
of sulfur, but only a small effect on the price of pipeline gas. A change of $1
million in investment for a 250 billion Btu/day plant, representing 25-50% of the
cost of the sulfur recovery section, will change the price of pipeline gas by about
0. 25¢/million Btu, : '

SULFUR RECOVERY FROM SO, AND H,S

Recovery of sulfur from H,S still leaves substantial amounts of SO, vented
to the atmosphere from the coal pretreatment and sulfur plant incinerator off-
gases. For high-sulfur coal the total is 239,3 to 254, 3 tons /day of sulfur depend-
ing on whether the H,S concentration in the feed to the sulfur recovery plant is
raised by modifications in the pipeline gas purification section, This is one-
third of the sulfur entering the plant with the coal, The effluent SO, concentra-
tion is about 0,6%, For the low-sulfur coal, 66-78 tons /day of sulfur as SO, is
vented, with an average concentration of about 0,3%. These SO; concentrations
are similar to those in power plant flue gases; therefore, techniques applicable
for SO, removal from power plant flue gases should be applicable to flue gases
from pipeline-gas-from-coal piants.

A large number of processes are in various stages of development at pres-
ent, Review of these is beyond the scope of this study, The SO; can be removed
and discarded in chemical combination with limestone as in the Combustion En-
gineering Process, ! extracted and liquefied as in the Wellman-Lord Process,

L, 16 17 onverted to sulfuric acid as in the Monsanto Cat-Ox Process, ' or con-
verted to elemental sulfur as in the Alkalized Alumina Process,® ’ )
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SO; Removal )

For removal of SO, from pretreatment and incinerator off-gases in our
system without elemental sulfur recovery we have considered removal by the
alkali ~injection, wet-scrubbing process, . Although definitive costs are not
available, published data indicate a range of costs, 1,818 we have assurned an
average price of $10 /ton of SO,., Since no additional sulfur is produced, the
cost of removal must be added to the price of the pipeline gas without credit for
by-products. For the low-sulfur coal the additional cost is about 0. 5¢ /million
Btu; for high-sulfur coal, itis 1. 7¢ /million Btu. These added costs are indi-
cated in Figures 5 and 6. The sensitivity is such that, for each$1 /ton change in
SO, removal cost, the efféct on pipeline gas price is 0, 05¢ and 0. 17¢ /million Btu
for low- and high-sulfur coals,

As a result of the additional costs for SO, removal, for low-sulfur coal the
price of by-product sulfur will have to be about $35/long ton to balance the costs
of desulfurization (Figure 5). However, even with sulfur at $20 /ton, the penalty
is only about 0. 5¢ /million Btu of pipeline gas. For a plant using high-sulfur
coal, as long as by-product sulfur sells for $20/ton or higher, p1pe11ne gas price
will not be penalized by costs of desulfurization (Figure 6),

Although current prices for sulfur are at the $40 /long ton level, future
prices, with adequate or oversupply, could depress the price to $30 or less,
Since pipeline-gas-from-coal plants will operate in the future, we have con-
sidered $40/long ton as a conservative maximum in a range of $20-$40 /long ton.

In a pipeline-gas-from-coal plant, the production of large amounts of HS -
during hydrogasification brings an advantage in sulfur recovery from SO, that is
not present in a power plant, The SO, extracted from the pipeline gas plant
'"flue'" gases canbe sent to the sulfur recovery plant and reacted with H,S ex-
tracted from the hydrogasifier effluent according to the Claus reaction:

SO, + 2H,S -~ 2H,0 + 38

Less combustion of H,S is required to maintain the required H,S /SO, ratio
of about 2, This may require more fuel, but it eliminates the need for separate
reduction of SO, to recover the sulfur. A recent announcement briefly describes
a process in which sulfur is produced by catalytic reaction of H,S and SO,, Some
of the SO, reacts with methane to make more H,;S, A pipeline gas plant already
has the necessary H,S, ?

Published information on the Wellman-Lord Process shows production of
liquid SO,. In this process, SO, is removed by scrubbing the flue gas with a
solution of potassium sulfite precipitated as potassium pyrosulfite, The crystals
are recovered and dissolved in water, and SO, is stripped out.-with steam. Then
the steam is condensed and the SO, is compressed and liquefied,

SO, Recovery

For our application we would not need to liquefy the SO,. Based on pub- -

‘lished costs for the process ! ! and the pipeline gas capital charges described
above, the cost of SO, extraction for our application might range from $11 to

$15/ton of SO,. Contact with Wellman-Lord indicated that extraction of SO, in
the pretreatment off-gas and in the sulfur recovery plant incinerator flue gas.
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could be feasible and could be simpler than in a proposed power plant system
making pure liquid SO,, Although we do not have a specific design for our sys-
tem, it appears that an SO, extraction cost of $10 to $15/ton is a representative
range for this process application.

We have made preliminary estimates of the cost of SO, extraction based .
on published costs for the alkalized alumina process, 56 This process requires
the generation of a producer gas to regenerate the absorbent, producing H,S
which is then fed to the Claus plant to yield elemental sulfur. Published invest-
ment costs were adjusted to our capacities, Incremental SO, removal costs
ranged from $25/ton for the high-sulfur coal to over $50/ton for the low-sulfur
coal, Since the high H,S /SO, ratio produced in the pipeline gas plant makes re-
duction of SO, unnecessary, this process would be at the high end of the cost
range for SO, extraction in our application,

Figures 7 and 8 show the flows of sulfur through the pipeline gas and de-
sulfurization systems for the 1.5 and 4, 4% sulfur coals. Numbers are in tons /
day. In these systems, sulfur is obtained from SO, as well as H;S, Flue gas
from pretreatment and from the sulfur plant incinerator goes to SO, extraction
where 90 % of the SO, is recovered and sent to the Claus unit, With this system,
the concentrated H,S stream is obtained from pipeline gas purification., This
reduces the cost of the H,S recovery., Unrecovered H,S is burned and recycled
as SO,. Sulfur recovery is increased from 110 to 160 long tons /day for low-
sulfur coal, and from 370 to 532 long tons /day for high-sulfur coal. With high~
sulfur coal the amount of SO, extracted exceeds one-half the H,S, so a small,
amount is liquefied.

Costs for Sulfur Recovery From H,S and SO,

Table 3 summarizes costs of sulfur recovery for combined SO, extraction -
and Claus plant operation; results are depicted graphically in Figures 9 and 10,
Variables are the cost of SO, extraction and the sale price for sulfur at the pipe-
line gas plant.

For low-sulfur coal {Figure 9) desulfurization improves the price of gas
slightly, about 0, 5¢ /million Btu, if sulfur can be sold at $30 /ton, If sulfur from
SO, is not recovered but SO, is scrubbed out and only the sulfur from H,S is re-
covered (Figure 5),sulfur credits just about balance the costs for desulfurization.

With high-sulfur coal the effects are much greater because there is over 3
times as much sulfur recovered, Sulfur recovery substantially lowers the price
of gas if the sulfur price is $25/ton or better, At a sulfur price of $30 /tonor
better and an SO, extraction cost of $15/ton, the price of gas is lowered by 3¢-
5¢ /million Btu, If SO; is removed and only sulfur from H,S recovered, then the
price is about 51, 5¢/million Btu. Even at $20/ton and full desulfurization, re-
covery of sulfur from H,S and SO, has an advantage of 1¢ over the alternative.
This is because, even though it costs $15/ton SO, ($30 /ton sulfur) to extract SO,
for sulfur recovery and $10 /ton ($20/ton sulfur) to remove it as CaSQy, the
sulfur recovered more than pays for this differential cost of sulfur removal, The
price of sulfur would have to drop to well below $20/ton before it is less econom-
jcal to recover it than to remove and discard it.



260

000 ‘1T . . 000 ‘€99 . : ¢ ‘peainboy anuaray
: ) ! ‘o, g 3e uorzerdaadaQg
000 ‘82¢ . 000°'€5¢ "sefaeyn 1e3des
000 ‘€81 000 ‘01¢ ) $ ‘T=r0iqng
000 ‘€L : 000 ‘€% ¢ ‘sariddng pue ‘sdueudjutepy ‘I0qeT]
000 ‘¥¥ S . : 000 ‘€l ¢ ‘uoy Buoy/pgz ‘350D Buipeory
000 ‘s 000°‘s $ ‘128 0001/07°0¢$ ‘I°3em Burfeon
000 ‘L 000 ‘6 B o ¢ Iymd/ €00 ‘0$ ‘Temog
000 ‘¥S : 000 ‘0% 1 ' ¢ ‘uol/p¢ ‘1endg Ie'YD
S1SOD DNILVIIAJO
000 ‘00L ‘¥ 000 ‘00% ‘€ $§ ‘JuduWISIAUL PIXLF TBIOL
000 ‘00L ‘T - } 000 ‘00 1 ) $ “ueniyyy
pue psa J03eIaUIdU] 33ueYDXH 3edYH
000 ‘007 000 ‘00?2 ¢ ‘JUIW}SIAUL 103BIJUIIUOD GUH [BUOTIPPY
000 ‘00¢ 000 ‘00¢ ¢ r'10jerauldu]
000 ‘00§ ‘2 . 000 ‘002 ‘T ¢$ ‘jueld snerd
) LININWLSIANI
09L ‘PLI 060 ‘€S’ 14/ guo} Buol ‘Iojded Wealls % 06
(A% 9191 Aep/suoy 3uoy ‘Aisa0d3Y AnJING
965 181 Aep/suol ‘A1sao0d8y Injing
16 88 o, ‘A1aa0d2y INJING
L°g2 S'6 9, @Tow ‘paad §?H + OS judleainby
60 €°0 of, @jowr ‘3Tun uoudBIIXF 03 ‘08
jueld . juerd juelq sneyd 03 padg
uoIIdRIIXS WO J 08 ‘sen-JI0 UOT}dRIIXF WOI g ‘OS {SeD~JIO

uoI}BOJLANG PIJRIJUIDUC) Woaf SYH  uoRedLING pajedjudduo) wod J §°H

vy ‘10D INyIng-ysiy ST ‘180D INJIng-mor]
anyIng o, ‘adAJ, 180D

SSAD0YUd SNVTID ANV NOILDVILXH
'0S A9 SASVO-JJO YOLVHUINIDONI ANV INIWLVIYLI UG NI 0S8 ANV INANTIAH
YALIISYDOUAAH NI S?H WO¥J ¥NJdTNS IO AUIAODHEY OJI SLSOD SO AUVIWINAS '€ 21q=L




Los . sL'76  8°%S $9'25 €°¢s . 6°¢s nig 401/ P ‘SED JO 9211

1€°2 $ 6270 18°1— 9¢°0. 92°0 — 68°0 — md 01/p
. " 43011 sen ul 3seaxdaqg
00€ ‘256 ‘1 00L'60Z .- _006°LeS‘T 006 °L0€ 000 ‘c22— 008°‘¢SL— ¢ ‘onudady
- . jonpoad-4g [enuuy
00% ‘T€0 ‘S 009 ‘¥18 1 : $ ‘80D
. A32A0D23Yy anjIng [EB}O L [enuuy
oov.‘02¢ ‘p——— —009 ‘162 ‘T ———§ ‘uoy 0€$ e uoudRIIXH 10§
6°LY 00§ 1°26 6°15 G 2s Q1 ‘¢S’ ndg 01/ p ‘seD Jo adlld
L0°s 10°¢ ¥6°0 't 8% °0 S1'0— nd 01/7
90114 sen ul aseaada(
009 ‘'s62 ‘¥ 000 ‘8%S ‘2 00% ‘008 00¢ ‘P€6 00% ‘€0¥ 00% ‘L2T1— ¢ ‘onuaaay
. ) jonporg-£g [enuuy
002 ‘1.8 ‘2 008 ‘881 ‘I $ ‘180D
. o . A13A0597)] Injng [BI0O] [enuuy
007 ‘091 ‘2 008 ‘679 ———————— ¢ ‘u03/G1¢ 3e UondBIIXF 205
62°LY . 9¢76h rA 28t $9°16 L2°2S 6725 ™mg 401/p ‘seD jo 3dWd
~ 1L°s ¥9°¢ 85 "1 Se°l . ELO 1°0 nd .01/ 7
% . . ‘30114 ser Ul 9seaIdIJ
006 ‘0¥8 ‘¥ 00€ ‘€60 “¢ 00L ‘s%¢ ‘T 00L ‘9%T ‘1 008 ‘ST9 0%6 ‘¥8 $ ‘anusaay
jonpoadg=-4Ag [enuuy
001 ‘1S1 ‘2 . 0027 ‘086 ———————— ¢ “1s0D A1aaoday
anjng [ejol Jenuuy
001 ‘0% ‘1 - 002 ‘L1Y ———— . § ‘uwoy/ors
’ ‘uonoeIIXy 08
oy 0¢ 02 (V4 ‘0¢ 02 103 3uoy/ ¢
‘9011 3eg Injing
juelq jueld NOILOVYLXA 208
uondeIIXF Wox J 0S5 ‘sen-Jj0 uoidedIXxy wWolg Q8 ‘sen-Jj0
UOTBIYING PIIRIJUIIUCD WOI S'H uouedYINg pajeijuaducn wol g SH jueld sneld 03 pPI34
¥ b ‘leoD JInyng-ysiy - _ S 'l ‘1B0D INJING-MmoT]

anjIng ¢, ‘adAj [e0D

SSHdD0YUd SNVTID ANV NOILDVYL Xd
05 A€ SASVD-AJ0 YOLVYANIDNI ANV INANIVAYILITYd NI 20§ ANV INANTAIT
YAIIISYDOUAAH NI §°H WOYA ¥NJATNS A0 A¥YAAODTY VYOI SISOD A0 AUVIWINAS "1ued ‘¢ dlqel

= —_— - 4 - -_— e . N S . eV - . — — o - E




262

The above applies, however, only to the situation where the SO, is not
released to the atmosphere. If SO, can be vented, then there is not much eco-
nomic advantage in recovering that sulfur which is converted to SO, in the proc-
ess. If air pollution standards require SO, removal, then it appears more eco-
nomical to recover it as sulfur than as sulfate, : ’

In the manufacture of pipeline gas from coal by hydrogasification, high-
sulfur coal is more of an asset than a liability, The production of H,S facilitates
sulfur recovery from both SO, and H,S and has the potential of reducing gas price
by several ¢ /million Btu. Hydrogen consumed in making H,S is only 0, 75¢/
million Btu. Viewed as a source of sulfur, high-sulfur coal is a higher grade
raw material for gasification, and the costs of desulfurization in a gas plant
based on this coal will yield a greater return than with low-sulfur coal.
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